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Plasma actuatorAbstract Numerical simulation of unsteady flow control over an oscillating NACA0012 airfoil is
investigated. Flow actuation of a turbulent flow over the airfoil is provided by low current DC sur-
face glow discharge plasma actuator which is analytically modeled as an ion pressure force pro-
duced in the cathode sheath region. The modeled plasma actuator has an induced pressure force
of about 2 kPa under a typical experiment condition and is placed on the airfoil surface at 0% chord
length and/or at 10% chord length. The plasma actuator at deep-stall angles (from 5 to 25) is able
to slightly delay a dynamic stall and to weaken a pressure fluctuation in down-stroke motion. As a
result, the wake region is reduced. The actuation effect varies with different plasma pulse frequen-
cies, actuator locations and reduced frequencies. A lift coefficient can increase up to 70% by a selec-
tive operation of the plasma actuator with various plasma frequencies and locations as the angle of
attack changes. Active flow control which is a key advantageous feature of the plasma actuator
reveals that a dynamic stall phenomenon can be controlled by the surface plasma actuator with less
power consumption if a careful control scheme of the plasma actuator is employed with the opti-
mized plasma pulse frequency and actuator location corresponding to a dynamic change in reduced
frequency.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Flow control in either passive or active manner is still an
attractive research area especially in dynamic situation such
as in oscillating airfoil. A major attention has been paid to
the fact that dynamic stall phenomenon has been a limiting
factor in aerodynamic performance of aerial vehicles such as
rapid maneuvering aircraft and bio-inspired aircraft or with
rotating blades in helicopters (retreating blades1) or wind
Numerical investigation of aerodynamic flow actuation produced by surface plasma actuator on 2D oscillating airfoil 883turbines. Eliminating or reducing the effect of dynamic stall
phenomenon would provide many benefits to possibly build
a high performance aerial vehicle which requires severe mobil-
ity, adaptability and flexibility features for various missions
under heavy dynamic loading with noise and vibration. Aiken
et al.2 pointed out that if dynamic stall phenomenon can be
eliminated, a next generation helicopter, a stall-free rotor heli-
copter, would be possible to realize. In addition, success in
design of bio-inspired wing can bring many benefits by lower-
ing cost and reducing pollution and noise during take-off.
Dynamic stall has been investigated by many researchers using
either experimental or computational methods. Surface pres-
sure measurement of unsteady boundary layer flow and stall
event on oscillating NACA0012 airfoil revealed that dynamic
stall can be signatured by a sudden turbulent breakdown and
is highly sensitive to a reduced frequency (k= xc/2U1) which
is a non-dimensional value defined by the ratio of pitching
velocity xc/2 to free-stream velocity U1, where c is a chord
length and x an angular velocity. Lift stall occurs when the
leading edge vortex (LEV) covers 90% of the chord length,
while moment stall begins when trailing edge reversal flow ends
to upwards spread.3 Study on vortex structures in a down-
stream of a flow past an oscillating NACA0012 airfoil reported
that dynamic stall can be controlled by manipulating fre-
quency, amplitude and sharpness of oscillating waveform.4
They claimed that the axial flow in the center of wake vortices
is important and its magnitude is suggested to be linearly
dependent on oscillating frequency and amplitude of Karman
vortex. Numerical simulation5 about dynamic stall for low
Reynolds number (Re) 2D flow provided a good quantitative
agreement with experimental data except at very high angle
of attack (AOA). Predicting a flow separation phenomenon
precisely is still challenging problem in a numerical study.
Experimental data about dynamic stall phenomena for eight
airfoil sections over a wide range of incidence angles, ampli-
tudes, oscillating frequencies, and Mach numbers are collected
by McAlister et al.6, but still a limited number of experiment
cases are available. The above mentioned studies propose that
dynamic stall begins with flow separation at leading edge of
oscillating airfoil during its rapid motion near high AOA.
Then it is followed by LEV which afterwards grows and covers
the entire upper surface of the airfoil. Hence, capturing flow
phenomena like vortex growth, propagation and subsequent
separation is essential for better understanding of dynamic
stall. Eventually, dynamic stall phenomena should be con-
trolled by providing appropriate flow control techniques to
control LEV and flow separation. Here, an active flow control
is desired in dynamic situation in an effort to suppress or delay
the effect of dynamic stall.
So far, numerous passive and active flow control methods
have been proposed. However, applying some of them in
dynamic situations requires caution due to some of their
reversing effects on parasitic drag, additional weight, centrifu-
gal loading, noise and vibration.7 Especially the structure of
these aircrafts often consists of composite material that limits
a structural modification for the provision of control devices.
Desired way to improve an aerodynamic performance in stall
flow is to delay or postpone the onset of dynamic stall with
the minimized side effects described above rather than to
mitigate its effects after occurrence. Although control flow
using passive devices has some advantages such as simplicity,robustness, lower cost, and efficient and quickest devices to
implement,8–10 it also has disadvantages such as increased
weight, induced noise and vibration, surface contamination
and parasitic drag. Because of these disadvantages, many
researches have been focusing on performance optimization.
Godard and Stanislas7 tested co- and counter-rotating vortex
generator with different geometries (height, separation dis-
tances, triangular and rectangular devices, pitch and skew
angle). However, parasitic drag and vibration is still unavoid-
able and the actuation effect cannot be controlled in a time-
accurate manner. On the other hand, active flow control com-
pared with passive control can perform a transient flow control
where flow properties can be modified in a time-dependent
manner rather than in a permanent way. Shun and Ahmed10
used air jet vortex generators (AJVG) for active flow control
to improve performance of wind turbine. AJVG with a series
of holes on the airfoil surface was helpful to reduce an area
of flow separation associated with dynamic stall phenomena
on wind turbine blade. Geissler et al.11 computationally inves-
tigated an active flow control of rotor blades with a trailing
edge flap. Nevertheless, it can be intuitively seen that applying
such mechanical control devices as AJVG or the actuators
based on active material to rotating blades is still complicated.
Alternative technique to mechanical flow control that had
been studied in the past decade is a plasma actuator. Studies
of using plasma actuator in flow control reveal that plasma
actuator is capable of producing noticeable results in the appli-
cation of flow control. Plasma actuator is fully electronic with
non-moving parts and consequently do not cause high cen-
trifugal loading in rotating bodies. It is also light, scalable in
size and operates at high frequency.12 Therefore, plasma actu-
ator can be a good candidate for controlling a flow in dynamic
situations such as in rotor blades. Flow actuation by plasma
actuator can be achieved by gas heating, electro-
hydrodynamic (EHD) forcing and/or magneto-hydrodynamic
(MHD) forcing mechanism. Supersonic flow control can be
achieved by an instantaneous gas heating near the wall by high
current DC discharge plasma to modify the boundary layer
thickness13 or by creating a high speed spark-jet impinging
through a boundary layer.14 Subsonic flow control can be
achieved by various types of plasma actuators mostly relying
on electrostatic forcing. Lorentz force in the presence of
external electromagnetic field can also play a role in flow
control.14
In this paper, a numerical investigation about an active flow
control on oscillating airfoil using a low current DC surface
discharge plasma actuator is reported. EHD force achieved
by the plasma actuator is estimated via analytic estimation
of ion pressure force produced near the cathode based on
the values obtained from the experiment. The EHD force pro-
duced right on the airfoil in a tangential direction can effec-
tively provide a slip surface and modifies a boundary layer
profile. Modeled plasma actuator is placed on the upper sur-
face of oscillating NACA 0012 airfoil and provides a pulsed
actuation source into Navier–Stokes equations. We do the sim-
ulation for Reynolds number of 4  106 flow over an oscillat-
ing NACA0012 airfoil with various values of AOA range,
reduced frequencies and plasma frequencies. Effect of the
plasma actuator is expected to change the characteristics of
formation and propagation of LEV and corresponding flow
phenomena in oscillating airfoil.
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2.1. Turbulent model
In the context of an oscillating airfoil exhibiting complicated
dynamic stall phenomenon, vortex structures and turbulence
effect, various computational methods such as hybrid LES-
RANS,15 hybrid URANS-LES,16 analytical method17,18 and
vortex method19 are available and tested. These methods are
in general more accurate than standard turbulence modeling
Reynolds average Navier–Stokes (RANS) but may not be
practically efficient when a large number of simulation cases
are needed. Correa et al.20 claimed that RANS can provide a
reasonable 2D prediction of dynamic stall phenomenon and
reattachment incidence angles. Therefore, we employ RANS
method without significantly sacrificing the preciseness of
numerical solution with a much reduced computational cost.
Although all real physical phenomena are inherently 3D
and dynamic stall studied here is not an exception, 2D simula-
tion is performed in this paper. For flow over an oscillating air-
foil, 2D simulation will cause larger lift vibration during down-
stroke phase than 3D simulation.16 Although 3D simulation
can improve the precision of solution and reduce amplitude
of lift fluctuation in down-stroke phase due to an improvement
of the hysteresis loop, it is still costly. In addition, 2D simula-
tion is still efficient in the studies where large amount of simu-
lation cases are needed for an investigation of the effect of
aerodynamic parameters as considered in this paper. Numeri-
cal simulation is performed with an open source CFD code,
OpenFOAM. The unsteady solver in OpenFOAM is equipped
with an algorithm called ‘‘PIMPLE” which has two iterative
loops to help accelerating convergence and further stabilizing
a solution of unsteady flow. First order, bounded, implicit-
scheme Euler is selected for time discretization. The general-
ized method of geometric algebraic multi-grid (GAMG) is
employed to accelerate solutions on the mesh. According to
Ekaterinaris and Platzer,21 in comparison with two-equation
turbulence models, one-equation turbulence model which is
more recently developed is better to capture physical
phenomenon of unsteady separated flow. Spalart–Allmaras
(S–A) turbulence model22 is commonplace in commercial sim-
ulations. Alexis and Zha23 used S–A model in their study on
flow control by co-flow jet on pitching airfoil and reported that
numerical results agree with the experiments for deep-stall
cases. Martinat et al.15 showed that S–A model of turbulence
phenomenon of the dynamic stall can provide results close to
experiment with a slight overestimation of the maximum lift
and drag coefficients. Test simulations conducted for a valida-
tion of S–A model showed a good agreement with experiment
results, and hence we adopted S–A turbulence model for a sim-
ulation of dynamic stall phenomena and flow control by
plasma actuator in this paper.
2.2. Dynamic mesh
In order to implement a motion of oscillating airfoil, a
dynamic mesh technique called ‘‘Arbitrary Mesh Interface”
(AMI) is adopted. As depicted in Fig. 1, the computational
domain is split into two sub-domains: one stationary zone
and one rotary zone. Unstructured mesh is used in the far-
field and structured mesh is employed near the airfoil surfacein order to provide a better way to adaptively re-mesh the suc-
tion side.21 The dynamic zone where the oscillating airfoil is
located has a finer mesh compared to that in the fixed zone
in order to capture detailed flow phenomena corresponding
to a dynamic stall. The dynamic zone is linked together with
the static zone using AMI technique through non-conformal
interface (Fig. 1). The interface has diameter of 40 times of
chord length (c= 1 m) and is centered at 1/4-chord from the
leading edge on the camber mean line. All far-field boundaries
are placed at 30c aimed at eliminating wall effect, and thereby
a uniform flow is achieved at the inlet and the wakes can fully
grow in the downstream. On the inlet boundaries, velocity is
set to be free stream velocity according to the desired Reynolds
number and pressure is set to have zero gradient, whereas on
the outlet boundaries, velocity is set to have zero gradient
and pressure is set at atmospheric pressure (101325 Pa). Time
step is automatically changed to maintain Courant number less
than 0.5 to satisfy stability requirement. Results were taken
when the solution reaches a periodic steady state that is
achieved in about 4 cycles of oscillation, and hence the results
are not time-averaged.
20 layers of meshes are placed inside the boundary layer
with a growth rate of 1.125 aimed at having a good resolution
of a thin near-wall sub-layer. The heights of the first cell in the
boundary layer are determined to have 0.4 mm and 0.5 mm for
Reynolds number of 3  106 and 4  106, respectively. Corre-
sponding y+ equals to 30 which is small enough to resolve a
turbulent boundary layer with wall function treatment, and
consequently total number of cells can be reduced. The
dynamic zone rotates in sinusoidal motion (a0 + a1sin(xt))
so that the airfoil oscillates at the desired rotating frequency
(x). a0 and a1 are a mean angle and amplitude angle, respec-
tively. It is known24 that a key parameter in dynamic stall phe-
nomenon is a reduced frequency. In horizontal wind turbines,
reduced frequency is mostly fixed, whereas it varies in heli-
copters ranging from 0 to 0.08 because the relative velocity
changes during a pitching cycle. In this report, we use three lin-
early increasing values of reduced frequency (k) of 0.05, 0.075
and 0.1 to cover a typical range in helicopters. From our
hands-on experiences, plasma actuator is mostly effective in
a separated flow. Therefore, this paper focuses on the cases
with deep-stall angles (a0 = 15 and a1 = 10).2.3. Modeling of plasma actuator
Plasma actuator is modeled as an additional force term (Fp)
and added to momentum equation as
@v
@t
þ ðvrÞvrðmrvÞ  Fp ¼  1qrp ð1Þ
where v is fluid velocity; q is fluid density; p is pressure; and m is
kinematic viscosity of the fluid. Additional force by plasma
actuator is produced mainly by collisions between ions and
neutrals or electrons and neutrals. In bulk plasma region
between anode and cathode where number densities of elec-
trons and ions are similar and the electric field is weak, electro-
static forces by ions and electrons are more or less similar, and
hence each contribution cancels out. But near the cathode, ion
density is higher due to an electron precipitation in the pres-
ence of a steep electric field and charge attraction by negatively
charged cathode. As a result, ions accelerate towards the cath-
Fig. 1 Computational domain and mesh details.
Fig. 2 Locations and areas where modeled plasma actuator is
placed.
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of additional force term can analytically be estimated from
Child’s sheath law as follows. Ion distribution (ni) near the
cathode sheath is obtained by ion continuity equation (niui =
nsus) assuming that the electrons are absent near the cathode.
Here subscript ‘‘s” denotes a sheath edge. One dimensional
electric field (Ex) distribution near the cathode region can be
obtained from Poisson’s equation for ions (eorE= eodEx/
dx= eni = ensus/ui = J0/liEx) with an assumption of mobility
limited ion drift velocity (ui = liEx). Here eo is vacuum permit-
tivity, e is unit charge, J0 is a current density on the cathode,
and li is ion mobility. Integration about electric field over
the cathode sheath yields a voltage change as a function of
position. By applying boundary conditions at sheath edge
and cathode surface, a cathode sheath thickness
ts ¼ eoli2J0
 1
3 3VC
2
 2
3
 
can be derived. Here VC is voltage drop
across cathode sheath. An electrostatic force produced by a
change in ion pressure (Pi) is then calculated as
rPix ¼ eniEx ! DPi ¼ J0li ts. Detailed steps can be found in
Ref.25. A cathode sheath thickness and achieved ion pressure
force can be calculated for typical operating conditions
obtained from the experiment (i.e., J0  103–104 A/m2 and
VC = 3 kV). Calculated values of the sheath thickness and
the pressure force are about 0.25 mm and 2 kPa, respectively.
The induced flow velocity for these values estimated by Euler’s
equation of motion is about 4 m/s which is within a reasonable
range observed in the experiment. The obtained force term is
vectorized and placed at specific locations in surface tangent
direction. Because dynamic stall begins with flow separation
near the leading edge,12 in order to control separated flow
effectively, the plasma actuators with equivalent pressure force
(Fp) of 2 kPa are located at the leading edge and/or at 10% of
chord length from the leading edge (Fig. 2). A height of the
forcing region is 0.25 mm as obtained above and a chord-
wise length is 1 mm that is the distance between anode and
cathode. The force vectors change their positions and direc-tions as the airfoil rotates. The modeled plasma actuator is
pulsed at various frequencies with 50 % duty cycle. The
plasma actuators are turned on for the entire AOAs or for
the specific AOAs.
3. Code validation
To ensure the reliability of numerical solution for a simulation
of plasma flow control, the mesh and computational schemes
are validated for flows over static and dynamic airfoil. Fig. 3
compares lift and drag coefficients (CL and CD) obtained by
numerical simulation and experiment data24 for a stationary
NACA0012 airfoil at Reynolds number of 3  106. As shown
in the figure, the static stall angle and the lift even at higher
angles are well predicted with the mesh and turbulent model
used in this study. This implies that the turbulent shear and
flow separation are modeled with acceptable accuracy. The
computed drag force is slightly over-predicted at low AOAs
where a viscous drag dominates over a pressure drag. The
same meshing scheme, model and computational schemes are
tested for the dynamic cases where an airfoil oscillates over a
certain range of AOAs.
Figs. 4 and 5 provide comparison results for an oscillating
airfoil at pre-stall angles (a(t) = 5 + 5sin(xt)) and deep-stall
angles (a(t) = 15 + 10sin(xt)), respectively. Reduced frequen-
cies and Reynolds numbers are 0.1 at Re= 4  106 and 0.15 at
Fig. 3 Validation results of lift and drag coefficients for a
stationary NACA0012 airfoil.
Fig. 4 Validation of lift and drag for an oscillating NACA0012
airfoil at pre-stall angles of a(t) = 5 + 5sin(xt) with reduced
frequency of k= 0.1 and Re= 4  106.
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experiment values. In dynamic situation compared with the
static case (Fig. 3), there exists a hysteresis in both lift and
drag. A shape of the hysteresis loop varies with reduced fre-
quencies and airfoil shapes. Result for the pre-stall case pre-
sented in Fig. 4 indicates that the tested simulation run
shows a good agreement with the other simulation results26
where a sophisticated computational approach was imple-
mented. However, these simulation results still exhibit a lower
lift slope than experiment results in Ref.6, which implies that
the up-to-date computational technique is still limited to pre-
dict a precise aerodynamic performance in dynamic situation.
Computational results are found to over-predict a drag coeffi-
cient in both up-stoke and down-stroke motion at AOAs lower
than a neutral angle (5). A close prediction of drag coefficient
is obtained only for angles from 8 to 10 in up-stroke motion.
Aerodynamic characteristic in the deep-stall case presented
in Fig. 5 exhibits a different behavior from the pre-stall case.
Major discrepancies are a delayed stall angle, a sudden
increase in lift before a maximum AOA in up-stroke motion
and an oscillatory behavior of lift and drag in down-stroke
motion. A delayed stall angle is due to a primary LEV that
produces a favorable pressure gradient.3 A sudden increase
in lift and drag just before the maximum AOA is caused by
a propagation of secondary vortex over the upper surface.6
As the primary and secondary vortices propagate over the
upper wing in down-stroke motion, the surface pressure fluctu-
ates and produces an oscillatory behavior in lift and drag. A
propagation speed of these vortices depends on reduced fre-
quency and airfoil shape. Referred simulation results (solid
line) in Fig. 5 are taken from Ref.21 where Baldwin-Lomax tur-bulence model is used and validation results (solid line with
square symbol) are calculated with S–A model, while the
experiment data are from Ref.27. It reveals that both cases
are able to capture typical behavior of oscillating airfoil such
as a lift jump before a stall and oscillatory behavior in
down-stroke motion. But there still exists in both cases a sig-
nificant discrepancy between simulation results and experiment
values and it is hard to determine which one provides a better
prediction. Marongiu28 asserted that there is no theory appli-
cable to solve the aerodynamics of oscillating airfoil with a
large magnitude of oscillatory amplitude and computational
simulations are very time-consuming to get results close to
experiment. Conducting an experiment with time-dependent
dynamic conditions is complicated and the experimental data
are often less precise and detailed to provide a correct compar-
ison between experiment and computation. Many research-
ers18,21,29–31 have examined many computational calculations
on oscillating airfoil with various AOA ranges, but the results
are still not in good agreement with experiment data. Under
this circumstance, the simulation for flow actuation in oscillat-
ing airfoil involving a dynamic stall presented in this paper
should mainly be used to explore the feasibility of plasma flow
actuator for controlling dynamic stall phenomena and to pro-
vide an optimized active flow control technique. The effective-
ness of the plasma flow actuator on modifying a flow structure
and hence controlling an aerodynamic performance in oscillat-
ing airfoil is simulated at various aerodynamic parameters
Fig. 5 Validation of lift and drag for an oscillating NACA0012
airfoil at deep-stall angles of a(t) = 15 + 10sin(xt) with reduced
frequency of k= 0.15 and Re= 3  106.
Fig. 6 Lift and drag coefficients with and without plasma
actuator (k= 0.1 and Re= 4  106).
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tor locations.
4. Results and discussions
4.1. Effect of plasma actuator on dynamic stall
Fig. 6 shows lift and drag coefficients at deep-stall angles with
a range of AOA from 5 to 25 with k= 0.1 and
Re= 4  106. Solid curves correspond to the case where the
plasma actuator is turned off. Dashed curves and dot-dashed
curves correspond to the cases where the plasma actuator is
turned on at 0%c and at 10%c, respectively. As previously
shown in Fig. 5, a sharp increase in lift and drag in up-
stroke motion and an oscillatory behavior in down-stroke
motion are observed for all cases. Because of different reduced
frequencies and Reynolds numbers, the curves are slightly dif-
ferent from those presented in Fig. 5. The fluctuation fre-
quency in down-stroke motion is higher than the case shown
in Fig. 5. When the plasma actuators are kept turned on, they
are barely effective in up-stroke motion except near the maxi-
mum AOA where a slight delay in rise of lift and drag is
observed due to a further acceleration of LEV promoted by
the plasma actuator. This infers that a flow actuation may
not be necessary for the most period in up-stroke motionand consequently, a passive flow control device loses its advan-
tage in up-stroke motion resulting in an increase in dynamic
loading and noise/vibration. In down-stroke motion, the pres-
ence of the plasma actuator produces overall a higher lift and
smaller drag. Interesting observation is that the onset of fluc-
tuation in down-stroke motion is delayed and the oscillation
amplitude is reduced, resulting in a weakened fluctuation in
the presence of plasma actuator. The plasma actuator at 0%
c produces a higher lift at angles around 18 but causes a
higher drag at lower AOAs. The plasma actuator at 10%c pro-
duces a higher lift at angles between 16 and 5 but causes a
higher drag at angles between 25 and 20 in down-stroke
motion. Actuation effect in up-stroke and down-stroke motion
observed in Fig. 6 infers that a flow actuation in dynamic sit-
uation is better to be operated in an active manner so that the
desired actuation authority can be addressed at specific times
and locations. Simple example of flow control sequence based
on the result in Fig. 6 can be as follows.
(1) Turn off plasma actuator in up-stroke motion.
(2) Turn on the plasma actuator at 0%c at higher AOAs
than 18.
(3) Turn off the plasma actuator and turn on the plasma
actuator at 10%c at lower AOAs than 18.
Simulation results for an active flow control will be pre-
sented in the next section.
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are governed by formation and propagation of vortex struc-
tures. Hence, the flow actuation must target to control these
vortices. Fig. 7 shows vorticity profiles for plasma-off case (left
column) and plasma-on cases (center column: 0%c, right col-
umn: 10%c) with a reduced frequency of 0.1 and plasma pulse
frequency of 1 kHz. Arrow indicates a direction of pitching
motion (up-stroke or down-stroke). In all three cases, there
exists a strong vortex near the leading edge very close to the
upper surface before reaching a maximum AOA. This LEV
is responsible for a delay in stall angle in dynamic situation.
At 24.96 up-stroke (frame a in Fig. 7), there is a secondaryFig. 7 Vortices propagvortex (pointed with an arrow) generated just downstream of
the leading edge, which interacts with the first LEV in the fol-
lowing frames. The primary LEV becomes bigger and propa-
gates over the upper surface. The secondary vortex does not
grow in its size bigger than the primary LEV, but its interac-
tion with the LEV produces a surface pressure fluctuation as
it propagates over the upper surface. When the plasma actua-
tor at any of two locations is turned on, a propagation of the
vortex structures is delayed by about one frame (see frames b
and c compared with the frame a in Fig. 7). Because of this
delayed propagation of vortices, a lift stall is slightly delayed
and the oscillations of CD and CL in down-stroke motion areation at high AOAs.
Fig. 8 Streamlines and velocity contours at AOA of 15.21 in
down-stroke motion.
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and the secondary vortex in the presence of plasma actuator
are slightly different with the actuator locations as can be seen
in AOA= 25 images. It can be seen that the second vortex
structure above the rear part of the airfoil is slightly bigger
in 10%c case than in 0%c case. One interesting differenceFig. 9 Lift coefficients in down-stroke motion at varioubetween 0%c case and 10%c case is that there exists a very
small region of third vortex with a plasma actuator at 10%c,
and this clearly produces different propagation behavior of
aerodynamic oscillation from 0%c case in down-stroke
motion. In the later frames at lower AOAs, these vortex struc-
tures are found to be further weakened by the plasma actua-
tors. As a result of delayed and weakened pressure
fluctuation in down-stroke motion in the presence of plasma
actuator, a wake region becomes narrower and the flow above
the upper surface is further accelerated at AOA= 15.21
(Fig. 8). The streamlines also show a better attached flow with
the plasma actuator.
4.2. Active flow control
4.2.1. Effect of plasma pulse frequency
Dynamic situation as in oscillating airfoil inherently requires
an active flow control as proven by Fig. 6 where the plasma
actuator does not play a role in up-stroke motion and aerody-
namic characteristics change as the location of the plasma
actuator changes in down-stroke motion. The effectiveness of
plasma actuator can be tuned by various parameters such as
plasma frequencies, actuation magnitude and actuator loca-
tions. For static airfoil, the effectiveness is known to be opti-
mum when Strouhal number is equal to unity.27,32 Since a
reduced frequency (k) is one of key parameters in oscillating
airfoil, corresponding time-dependent parameter, plasma pulse
frequency (f) should also be adjusted in response to a dynamic
change in the reduced frequency. The previous results
presented above were taken from the cases where the reduceds plasma pulse frequencies and reduced frequencies.
Fig. 10 Lift coefficients in down-stroke motion under various combinations of control parameters at each fixed reduced frequency.
Fig. 11 Lift and drag coefficients with both plasma actuators at
0%c and 10%c being addressed.
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and f= 2 kHz, respectively. Fig. 9 provides the effect of
plasma pulse frequency at various reduced frequencies of
k= 0.05, 0.075 and 0.1 at specific AOAs of 15, 20 and 25
in down-stroke motion. The top row corresponds to the
plasma actuator at 0%c and the bottom row corresponds to
the plasma actuator at 10%c. When the reduced frequency is
low at k= 0.05, high frequency plasma pulsed at 2 kHz pro-
duces bigger actuation effect than at lower frequencies when
the plasma actuator is placed at 0%c, but 500 Hz pulsing pro-
duces bigger effect with the plasma actuator at 10%c. When
the reduced frequency is intermediate at k= 0.075, there exists
a maximum-lift point at plasma pulse frequency of 1 kHz when
the plasma actuator is located at 0%c, but the maximum
points are not observed with the plasma actuator at 10%c.
When the reduced frequency is high at k= 0.1, the actuation
effect at pulse frequencies of 1 kHz and 2 kHz produces similar
CL for all AOAs and actuator locations. A noticeable decrease
in CL is observed with k= 0.1 as the AOA decreases regard-
less of plasma frequencies and actuator locations. The result
shown in Fig. 9 infers that in fact when the reduced frequency
or AOA changes in time, corresponding flow control must be
operated in an active manner. As the AOA decreases (i.e., in
down-stroke motion), plasma pulse frequency and actuator
location should be carefully selected so that aerodynamic per-
formance remains in the best condition. Fig. 10 shows some
examples of the selection of control parameters (plasma pulse
frequency and actuator location) when the AOA decreases at
each fixed reduced frequency based on the values presented
in Fig. 9. The best-controlled line connects the highest CLs
from Fig. 9 at each AOA and the worst-controlled line con-
nects the lowest CLs that could have been produced by bad
selection of plasma pulse frequency and actuator location.
Dotted lines and dashed lines correspond to some cases in
Fig. 9 with the fixed operating conditions. The result shown
in Fig. 10 confirms a nominal increase in CL up to 70% by a
simple combination of control parameters in an active manner.
Note that these results do not include the transient or hystere-
sis effect of changing plasma pulse frequency or actuator loca-
tion as AOA changes.
4.2.2. Effect of dual plasma actuators at both 0%c and 10%c
It is observed in the previous results that the flow actuation is
strongly dependent on actuator locations. It is also observedthat the plasma actuator does not play a role in up-stroke
motion. Now two plasma actuators located at both 0%c and
10%c are addressed within one cycle. Fig. 11 presents lift
and drag coefficients with various flow control sequences com-
pared with no actuation case. Solid line corresponds to the
case without plasma actuator. Dashed and dot-dashed lines
correspond to the cases with single plasma actuator where
the plasma actuator is kept turned on for the entire cycle.
Dot-dashed line with a cross symbol corresponds to the case
with dual plasma actuators being turned on for the entire
cycle. For the line with a circular symbol, the plasma actuator
Numerical investigation of aerodynamic flow actuation produced by surface plasma actuator on 2D oscillating airfoil 891at 0%c is turned on in a full up-stroke motion and at high
AOAs (from 25 to 16.5) in down-stroke motion while the
plasma actuator at 10%c is turned on only in a full down-
stroke motion. Active flow control in dynamic situation must
consider the hysteresis effect because the effect often occurs
in a delayed time. It is found that the actuation effect is
observed after short time delay of about a few micro seconds
after the actuator is addressed. For this reason, the plasma
actuator at 0%c which showed a better performance at high
AOAs is turned on in full up-stroke motion much earlier than
a dynamic stall occurs. It is found from Fig. 11 that the dual
plasma actuator cases exhibit a reduced oscillation in down-
stroke motion with improved lift and drag characteristics over-
all. Sequentially addressed plasma flow actuator (line with a
cross symbol) produces almost the same characteristics with
dot-dashed line with a cross symbol with less power consump-
tion. More precise control of the addressing time is expected to
provide an improved flow actuation performance. The result in
Fig. 11 clearly tells that the flow actuation is better to be con-
ducted in an active manner in dynamic situation. Optimization
study is needed to provide the best control sequence for plasma
frequencies and actuator locations for dynamically varying
reduced frequencies and AOAs.5. Conclusions
In this paper, we investigated the effect of plasma flow actua-
tion on the aerodynamic characteristics of a flow over an oscil-
lating airfoil with various values of plasma pulse frequency,
reduced frequency and actuator location. The simulation
results show that the presence of plasma actuator changes
the propagation of LEV and the formation of the second
and the third vortex generated near the leading edge. As a
result, the oscillatory behavior of the surface pressure in
down-stroke motion was delayed and weakened so that the
wake region was reduced. It turned out that the plasma actu-
ator does not modify the flow in up-stroke motion except at
high AOAs near the stall angle. It was found that depending
on the actuator location, the effect of flow actuation was dif-
ferent in down-stroke motion. Also the plasma pulse frequency
produced different actuation performance with various
reduced frequencies. Bigger actuation effect can be expected
by increasing the number of plasma actuators on the airfoil
surface. Dual plasma actuators located at both 0%c and
10%c proved an improved flow characteristic. But the effi-
ciency must also be considered in order to avoid redundant
power consumption. Result from the case with dual plasma
actuators confirms that a careful choice of control sequence
could be more energy efficient with a similar flow actuation
capability. Owing to the dynamic change of flow conditions
in oscillating airfoil, an active flow control must be considered
to provide an optimum flow control authority with a minimum
power budget. Example with active flow control has shown
about 70% difference in a lift coefficient. For this purpose,
plasma flow actuator can be a good candidate owing to a sim-
ple structure on the airfoil surface and a high bandwidth actu-
ation. Optimization study with multiple plasma actuators may
be expected to result in much improved flow actuation effect in
an oscillating airfoil problem.Acknowledgements
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